admissions in the PHIS database during the study period, 136,465 (3.3%) had at least 1 AMDE. Vascular access and nervous system devices together represented 44.4% of pediatric AMDE admissions. The majority (75.5%) of AMDE admissions were of children with complex chronic conditions. The most common age group was patients aged 2 years or less at the time of their first AMDE-related admission. AMDEs occur commonly in a population cared for in tertiary children's hospitals. Research to more specifically delineate AMDEs and their predictors are next steps to understand and improve device safety in children. Children with complex chronic conditions comprise an increasing proportion of hospital admissions, readmissions, and resource use. [1] [2] [3] Dependence on technology or medical devices is a frequent characteristic of children in this group. 4 Adverse medical device events (AMDEs) are estimated to occur in as many as 8% of all adult admissions, depending on the methods used to identify them. 5 These events may result in hospitalizations or complicate hospital stays. To date, however, the burden of AMDEs among hospitalized children is little described, even though children may be at increased risk for device events as compared to adults. 6 Although some medical devices are intended solely or primarily for use with children, most devices used with children have been initially developed for, tested with, and most frequently employed to treat adults. 6 Assessing the continued safety and effectiveness of medical devices marketed in the Unites States is the responsibility of the Center for Devices and Radiologic Health of the US Food and Drug Administration (FDA). Its existing mechanisms for postmarket device surveillance rely primarily on passive reporting systems and specific observational studies. 7 The objective of this study was to utilize administrative data from children's hospitals to explore the prevalence and nature of AMDEs in tertiary care children's hospitals that treat significant numbers of children with complex needs requiring medical devices.
METHODS
Data were obtained from the Pediatric Health Information System (PHIS), an administrative database containing inpatient data from 44 not-for-profit, tertiary care, pediatric hospitals affiliated with the Children's Hospital Association. Data are deidentified at the time of submission, and are subjected to a number of reliability and validity checks. 8 Individual admission records have both a deidentified visit identification (ID) and patient ID, allowing for linkage of multiple admissions by the same patient.
AMDEs were defined by International Classification of Diseases, Ninth Revision (ICD-9) codes, using a methodology developed by Samore et al., who identified a set of such codes that specified devices in their definitions and therefore were considered to have a high likelihood of indicating a device problem (see Supporting Information, Table S1, in the online version of this article). 5 The diagnosis codes were grouped into device categories (eg, nervous system, orthopedic, cardiac).
From the 44 hospitals, the primary study cohort consisted of any patient with an admission between January 1, 2004 and December 31, 2011 with 1 AMDE ICD-9 code as a primary or secondary diagnosis.
Descriptive statistics for patient demographics and visit characteristics of AMDE admissions were generated and stratified by device category. We reported these as counts and percentages for categorical variables and as median and interquartile range for length of stay. We also reported on how frequently patients with AMDEs have a top 10 most common diagnosis and top 10 most common procedure during the AMDE admission. We also reported the presence or absence of a complex chronic condition. 9 We generated the list of most common principal diagnoses and procedures by a separate query of PHIS from 2004 to 2009. Our top 10 most common diagnoses included ICD-9 codes 486 (pneumonia), 466.11 (acute bronchiolitis due to respiratory syncytial virus), V58. 
RESULTS
Of the 4,115,755 admissions during the study period, 136,465 (3.3%) had at least 1 AMDE. Over our study period, AMDEs were associated with a mean 17,058 inpatient stays annually. The number of AMDErelated admissions decreased the last 4 years of our study period despite generally increasing admissions at PHIS hospitals (Figure 1 ). For 55% of the admissions (75,206/136,465), this AMDE code represented the primary diagnosis. Of these visits with a primary AMDE diagnosis, 39,874 (53%) were related to nervous system devices. The visits associated with AMDEs were comprised of 88,908 unique patients, 55% of whom were male ( Table 1 ). The median age on admission was 6 years, and the interquartile range was 1 to 14 years of age.
Among admissions with AMDEs, 2.9% ended in death. The mortality was 0.5% when an AMDE was the primary diagnosis and 5.7% when the AMDE was a secondary diagnosis. The median length of inpatient stays was 6 days, with an interquartile range of 2 to 17 days.
Vascular access AMDEs were the most common event associated with admissions (26.6%), followed by nervous system devices (17.8%) ( Table 2 ). The majority (75.5%) of patients admitted with AMDEs had a complex chronic condition. Less than half (46.8%) of AMDE admissions had an associated code for 1 of the 10 most common principal procedures. A minority (14.3%) of admissions had an associated ICD-9 code for 1 of the top 10 most common principal diagnoses.
DISCUSSION
To our knowledge, our study is the first to report the burden of AMDEs among children requiring hospitalization. AMDEs are common in this population of children cared for at tertiary care children's hospitals, accounting for or complicating 3.3% of inpatient stays in these 44 hospitals. AMDEs were associated with a mean of >17,000 total visits per year. Vascular access devices and nervous system devices were the most common device categories linked to AMDEs. Similar to published literature, we found that the youngest children accounted for the highest proportion of AMDEs. 10, 11 The majority (>75%) of children with an AMDE admission had diagnoses indicating complex chronic conditions during the admission. Over a partially overlapping study period, Feudtner and colleagues found 25.2% of patients admitted to PHIS hospitals had complex chronic conditions. 12 This finding, combined with the uncommon association of the most prevalent diagnoses and procedures, suggests that the burden of AMDEs falls disproportionately on this population of children. Death occurred considerably less commonly when AMDE diagnosis was the primary versus a secondary diagnosis (0.5% vs 5.7%). This finding likely illustrates 2 distinct populations: children with an AMDE that causes admission who have a relatively low risk of mortality and a second group who have AMDE-complicated hospitalizations that may have an already high risk of mortality.
Our findings complement those of Wang and colleagues who employed the National Electronic Injury Surveillance System All Injury Program database to provide national estimates of medical device-associated adverse events. 11 Importantly, this group used a different population (patients presenting to the emergency department) and a different methodology. These authors reported on device-associated events, as they did not collect information to discriminate the device's role in the event. A walker that malfunctioned leading to patient injury would be a device-related event; however, a patient who has a walker suffering a fall would be device-associated, even if the walker's role in the injury was uncertain. We believe our methodology, established by Samore et al., more accurately identifies device-related events. 5 Wang et al. found that 6.3% of pediatric patients who presented to emergency departments with medical device-associated events were admitted to the hospital. 11 This resulted in national estimates of 9,082 events with 95% confidence intervals of 2,990 to 25,373 hospitalizations. Our findings of >17,000 AMDE-related inpatient stays per annum included not only AMDEs leading to admissions but also those that were complications during stays.
Our study has several limitations, most related to the possibility of misclassification present in administrative data. Our approach only captured events that led to or complicated admissions. We suspect that ICD-9 codes likely missed some AMDEs and that our estimates may therefore under-represent this problem in our population. Future studies should compare our methodology, which has produced the first across-center estimates of AMDE admissions, to alternative event capture techniques. We were unable to determine which events were present on admission and which complicated hospital stays, and it is likely that differing interventions would be required to reduce these 2 types of AMDEs. Another important limitation is that the PHIS database, comprised of data on children receiving care at tertiary academic medical centers with large numbers of pediatric subspecialists, is not representative of the population of children overall. The individual ICD-9 codes for AMDEs are sufficiently nonspecific to limit the ability to characterize device events from administrative data alone. The high prevalence of unspecified device-related admissions is an additional limitation. Although the estimates of these types of AMDEs are important in describing the frequency of these events, the unspecified category limits the ability to fully stratify based on device type and then implement monitoring strategies and interventions based on each.
To our knowledge, this study is the first multicenter analysis of the spectrum of pediatric AMDEs in hospitalized children. The AMDE prevalence is substantial, and the burden of these events largely falls on children with complex chronic conditions. Despite its limitations, this study complements recent efforts to enhance postmarket surveillance of pediatric devices including that of the FDA's Office of Pediatric Therapeutics, the recent FDA report "Strengthening Our National System for Medical Device Postmarket Surveillance" (http://www.fda.gov/MedicalDevices/default.htm), and the proposed rule for a unique device identification (UDI) system. 13 Establishment of UDI systems and their eventual incorporation into electronic healthrelated databases will greatly expand postmarket surveillance capabilities. 13 Our description of AMDEs by device category and patient characteristics is a first and necessary step to understanding the public health burden associated with device use in the pediatric population. Further developments in refined coding and device designation (eg, UDI systems) are needed to refine these estimates.
